The expression of indoleamine 2,3 dioxygenase (IDO) by tumors can contribute to immunotolerance, and IDO induced by inflammation can also increase risk for the development of behavioral alterations. Thus, this study was initiated to determine whether IDO inhibition, intended to facilitate tumor clearance in response to treatment, attenuates behavioral alterations associated with tumor growth and treatment. We used a murine model of human papilloma virus-related head and neck cancer. We confirmed that tumor cells express IDO and expression was increased by radiotherapy. Interestingly, inhibition of IDO activation by the competitive inhibitor 1-methyl tryptophan mildly exacerbated treatment-associated burrowing deficits (burrowing is a sensitive index of sickness in tumor-bearing mice). Genetic deletion of IDO worsened tumor outcomes and had no effect on the behavioral response as by decreased burrowing or reduced voluntary wheel running. In contrast, oral administration of a specific inhibitor of IDO1 provided no apparent benefit on the tumor response to cancer therapy, yet decreased voluntary wheel-running activity independent of treatment. These results indicate that, independent of its potential effect on tumor clearance, inhibition of IDO does not improve cancer-related symptoms.
Introduction
Indoleamine 2,3 dioxygenase (IDO) is an inducible enzyme that metabolizes tryptophan along the kynurenine pathway. This enzyme plays an important role in the development of an immunosuppressive milieu for the tumor. 1 Many tumor types constitutively express IDO and this expression is enhanced by local inflammation present in the tumor microenvironment. Interferon gamma (IFN-γ) is the main inducer of IDO activity. In addition to its expression in tumor cells, IDO is expressed by tumor-associated cells including dendritic cells and macrophages. IDO activation has counter-regulatory (controlling inflammation) and tolerogenic (creating acquired antigen-specific tolerance in T cells) properties. 1 Because of the potent immunosuppressive effects of IDO and its expression by various types of cancer, [2] [3] [4] [5] [6] much effort has been invested in the development of IDO inhibitors with the objective of breaking immunotolerance of the tumor and improving the efficacy of cancer therapy. 7, 8 This task has turned out to be more complicated than initially thought as IDO exists in 2 molecular forms, IDO1 and its paralog IDO2, which are not entirely redundant. [9] [10] [11] In addition, another enzyme known as tryptophan 2,3 dioxygenase (TDO) has the same activity as IDO1 although it is not inducible by inflammation. 12, 13 Although initially promising, clinical outcomes obtained with IDO1 inhibitors have been disappointing. [14] [15] [16] Cancer and its therapy are associated with nonspecific symptoms such as malaise or sickness, pain, fatigue, and cognitive dysfunction. The development of these symptoms and their persistence in cancer survivors after completion of therapy is usually attributed to the propagation of inflammation from the tumor to the brain. 17 Inflammatory mediators can act directly on the brain or induce secondary processes including the formation of neurotoxic kynurenine metabolites as a result of activation of the kynurenine pathway. 18, 19 This last mechanism mediates the switch from sickness to symptoms of depression that can develop in inflamed individuals.
Therefore, we set out to determine whether IDO1 activation contributes to the development of cancer-related symptoms. We 
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selected a validated murine syngeneic model of human papilloma virus (HPV)-induced head and neck cancer. In this model, mice injected with murine oropharyngeal epithelial cells stably expressing E6 and E7 oncogenes of HPV16 and H-ras develop behavioral signs of sickness. 20 The HPV-positive tumor cells can be injected orthotopically under the tongue or heterotopically (eg, the hind leg or flank). Faithful to the human disease, these tumors respond to a combined treatment of cisplatin and radiotherapy (chemoradiation). As tumor growth is not associated with cachexia or sarcopenia, this tumor model allows us to study the pathophysiology of cancer-related symptoms and their relation to inflammation. 21, 22 The inducible expression of IDO1 that develops downstream of IFN-γ has been proposed to mediate at least part of the immunosuppressive properties of HPV. 23 Although little is known about its possible role in HPV-related head and neck cancer, IDO1 expression has been identified as a key contributor to the development and progression of HPV-related cervical cancer. [24] [25] [26] [27] Using biochemical and behavioral approaches, we show that HPV-positive murine epithelial tumor cells express IDO1 and that radiotherapy increased IDO1-expression. While chronic administration of the nonspecific competitive inhibitor of IDO (1-methyl tryptophan) tended to improve the response to chemoradiation, this treatment increased the behavioral alterations induced by chemoradiation. Furthermore, chronic treatment with a selective IDO1 inhibitor, which did not potentiate the tumor response to chemoradiation, also enhanced behavioral side effects. These findings suggest that targeting IDO1 during the treatment of HPV-related cancer is unlikely to alleviate the neurotoxicities associated with cancer therapy.
Materials and Methods Animals
Experiments were conducted using adult male C57BL/6J mice or Ido1 −/− mice originally purchased from Jackson Laboratory. The mice were maintained in temperature and humidity-controlled environments. Food and water was available ad libitum. 
Tumor model and chemoradiation treatment
A heterotopic syngeneic murine model of HPV-related head and neck cancer was used within these studies. 20, 28 The tumor cells were derived from mouse oropharyngeal epithelial cells stably expressing HPV16 E6/E7 and H-ras (mEER). We used either the mEER or the luciferase-tagged mEER (mEERL) cells in the present experiments. As previously described, mice were injected with a 1 × 10 5 or 1 × 10 6 tumor cells into the right hind leg or flank. 22, 29 In some experiments, mice were exposed to a regimen of concurrent cisplatin and radiotherapy (CRT; 3 weekly rounds of 5.28 mg/kg cisplatin + 8 Gy radiation).
Pharmacologic inhibition of IDO
Indoleamine 2,3 dioxygenase inhibition was achieved by chronic administration of either a nonspecific competitive inhibitor of the enzyme, 1-methyl tryptophan (Sigma-Aldrich, Saint-Louis, Missouri, USA; catalog numbers 447439 and 860646), or a selective IDO1 inhibitor 30 (hereafter referred to as IDOInh; kindly provided by Boehringer Ingelheim, Ingelheim, Germany). The levogyre and racemic forms of 1-methyl tryptophan (L-1MT and DL-1MT, respectively) were used in 2 different experiments. Both forms inhibit IDO1 but they are also active against IDO2 31, 32 and TDO, although this last effect is exerted in a noncompetitive manner. 33 1L-MT and 1-DL-MT were given in the drinking water starting on day 2 and ending on day 30 after implantation of HPV-positive tumor cells. 1L-MT was administered at a dose of 5 mg/mL, whereas 1-DL-MT was administered at a dose of 2 mg/kg. Due to poor solubility, 1-MT was first dissolved in NaOH and then diluted to concentration and titrated to a pH of 10 using HCl; the solution was freshly made every other day. The pharmacokinetic properties of IDOInh and its ability to selectively block IDO1 have been previously described. 30, 34 IDOInh was administered by oral gavage at the daily dose of 200 mg/kg, starting on day 10 and ending on day 28 after implantation of HPV-positive tumor cells.
Behavioral data collection
During our early investigation, we assessed sickness behavior using the burrowing task as previously described. 21 Burrowing is a naturally rewarding behavior that can be assessed by exposing mice to an elevated cylinder containing food pellets placed within the home cage. Independently from their level of appetite, mice spontaneously remove food pellets from the burrow. The efficacy of burrowing was measured by the amount of food pellets removed from the container. After a couple exposure sessions prior to tumor injection, mice reached a stable performance level and were tested weekly for 30 minutes throughout the duration of the experiment.
We shifted from burrowing to voluntary wheel running during the later phase of this investigation as running wheel activity is more sensitive to the sickness and fatigue associated with tumor growth and cancer therapy. 29, 35 Mice were individually housed with a home cage running wheel. Mice started wheel running 10 days prior to tumor implantation to give them time to stabilize their performance and were maintained with wheels throughout the study. As mice run almost exclusively during the dark phase of the experiment, the data were quantified as the number of wheel rotations per night.
Blood collection and analysis
Metabolites of the kynurenine pathway were evaluated in plasma of mice at baseline (day 0), prior to the start of chemoradiation (day 7), and postchemoradiation (day 21). Blood was collected by submandibular bleed using lithium heparin tubes. It was spun, the Vichaya et al 3 plasma was collected, and samples were stored at −80°C. Samples were analyzed by high-performance liquid chromatography and mass spectrometry (HPLC-MS) at Lundbeck Research USA (Paramus, NJ, USA) as previously described. 19 Briefly, plasma was diluted 5-fold with 0.2% acetic acid and filtered with a 3 kDa filter. Standard curves for each metabolite were prepared from pure components purchased from Sigma. Samples were analyzed using the Waters Acquity HPLC System along with the Waters Quattro Premier XE triple quadrupole mass spectrometer.
Tissue collection and analyses
Liver and/or tumor tissue was also collected for analysis by reverse transcription-polymerase chain reaction (RT-PCR) or protein expression. Mice were euthanized by CO 2 exposure and transcardially perfused with phosphate-buffered saline. Tissue was collected and flash frozen in liquid nitrogen. 
Reverse transcription-polymerase chain reaction

Western blot of IDO1 expression for cell lines
Cells were grown to 90% confluence and harvested in lysis buffer (50 mM Tris HCl pH 7.5, 150 mM NaCl, 5 mM ethylenediaminetetraacetic acid [EDTA], 2 mN Na 3 VO 4 , 100 mM NaF, 10 mM NaPPi, 10% glycerol, 1% Triton X-100, 17.4 µg/mL paramethylsulfonylfluoride, 1× HALT with EDTA (Pierce). Cellular lysates were centrifuged at 10 000 r/min for 15 minutes at 4°C. Tx100 soluble cell lysates (40 µg/lane) were boiled, separated by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis), transferred to polyvinylidene difluoride membrane and analyzed by Western blot with the following antibodies: IDO, mIDO-048 (Santa Cruz Biotechnology, Dallas, TX, USA; sc-53978) 1:500 and GAPDH (Ambion AM4300) 1:1000. Standard horseradish peroxidase secondary antibodies (1:10 000) and ECL reagent (Thermo Scientific, Waltham, Massachussets, USA) were used for visualization with a CCD camera imaging system (UVP).
Results
IDO1 is expressed by head and neck tumor cell lines and in mEERL tumors
IDO1 protein expression was observed in HPV+ human tumor cell lines (SCC90, SCC47, SCC2, ant 147T) as well as in the mEERL tumor cell line ( Figure 1A and B) . Human embryonic kidney cells (293T) transfected or not with IDO1 were used as positive and negative controls. IDO1 expression level appears to be intrinsic to epithelial cells, as expression was also noted in primary epithelial cells from both mice and humans (human tonsillar epithelium and murine tonsillar epithelium). Furthermore, the levels of IDO1 appear to be enhanced by cancer therapy, as indicated by an increased expression of IDO1 messenger RNA (mRNA) in response to radiation in tumor tissue collected from mice 24 hours after 1 × 10 Gy leg irradiation, t(11) = 2.27, P < .05 ( Figure 1C) .
Administration of 1-MT tended to enhance the tumor response to chemoradiation but did not protect from tumor CRT-induced burrowing deficits
We wanted to first verify that chronic 1-MT treatment would produce the anticipated effect on metabolites of the kynurenine pathway (Figure 2A ) in plasma. Tumor-bearing mice were treated with a regimen of CRT with or without the 1-MT in the drinking water. There was a trend toward reduced tumor burden with the addition of 1L-MT to the CRT regimen ( Figure 2B ) and a nonsignificant increase in survival (data not shown, which we did not pursue as this was not the main objective of this study). As expected, 1L-MT reduced the levels of kynurenine (F 1,18 = 7.21, P < .05; Figure 2C ) and 3-hydroxykynurenine (F 1,18 = 6.81, P < .05; Figure 2D ) with a trend for quinolinic acid (F 1,18 = 4.05, P < .10; Figure 2E ). Treatment with 1-MT did not significantly affect the levels of kynurenic acid ( Figure 2F ), but increased the ratio of neuroprotective (kynurenic acid) to neurotoxic (3-hydroxykynurenine + quinolinic acid) kynurenine metabolites, F 1,18 = 23.13, P < .001 ( Figure 2G ). The CRT by itself significantly increased plasma kynurenine levels following CRT (day 21) and this increase was independent of 1-MT treatment, F 2,36 = 49.71, P < .001; Figure 2C .
Next, we explored the impact of 1-DL-MT on tumor growth and burrowing behavior in tumor-bearing mice treated concurrently with CRT. As in the previous study, there was a trend toward a reduced tumor burden (P < .10; Figure 3A ) and a nonstatistically significant increase in survival rates (data not shown). Tumor-bearing mice subjected to CRT showed a reduction in burrowing behavior (significant effect of time, F 7,119 = 8.57, P < .001; Figure 3B ). This effect was not improved by 1-MT, rather 1-MT-treated mice performed more poorly (significant main effect of 1-MT treatment, F 1,17 = 4.87, P < .05.
Genetic deletion of IDO1 increased tumor growth and did not improve neurotoxicities associated with chemoradiation
Ido1 −/− mice implanted with mEERL tumors displayed poorer response to CRT compared with wild-type (WT) mice as indicated by increased tumor volume (significant time by group interaction, F 6,96 = 2.58, P < .05, Figure 4A ). Burrowing deficits in response to CRT did not differ significantly according to genotype ( Figure 4B ).
We also implanted mEER tumors into the flank of WT and Ido1 −/− mice to monitor tumor growth and behavior in the absence of CRT. Consistent with the previous experiment, Ido1 −/− mice displayed increased tumor growth (significant group by time interaction, F 3,36 = 6.51, P < .01, Figure 5A ). Tumor growth was associated with reduced wheel running (group by time interaction, F 54,432 = 1.40, P < .05) the extent of which was identical in WT and Ido1 −/− mice ( Figure 5B ). Despite the more rapid tumor growth, Ido1 −/− mice displayed an attenuation of tumor-associated liver IL-6 and IL-1β mRNA expression ( Figure 6C ). As this study was run concurrently with another study, the data from the control group, but not the data in Ido1 −/− mice, were previously reported. 29 
Administration of a specific IDO1 inhibitor (IDOInh) did not improve tumor response to chemoradiation and decreased voluntary wheel running
Administration of a specific IDO1 inhibitor, IDOInh, showed no tumor growth protection ( Figure 6A ). Furthermore, mice treated with the compound showed impaired wheel running independent of the presence of the tumor (main effect of IDOInh, F 1,29 = 6.6, P < .05, Figure 6B ). This effect developed more rapidly in the tumor-bearing mice than in the control mice, as a significant time by tumor by IDOInh interaction was observed, F 42,1218 = 1.6, P < .001.
Discussion
The primary objective of this study was to determine whether inhibition of IDO1 could prevent the severe behavioral toxicities that develop in response to chemoradiation. We confirmed that our HPV-positive model of head and neck cancer expresses IDO1. In addition, we confirmed that inhibition of IDO by 1-MT attenuated activation of the kynurenine pathway and that showed that it tended to enhance the efficacy of chemoradiation to treat the tumor. However, in contrast to our expectation, IDO inhibition did not alleviate the behavioral toxicities of chemoradiation.
There are several possible explanations for this apparently paradoxical result. The most obvious one is based on the counter-regulatory role of IDO1 in inflammation. 1 IDO1 is activated by inflammation and its expression helps to contain 
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inflammation. This counter-regulatory activity is beneficial when IDO1 helps to control harmful inflammation, for instance, in the case of autoimmune processes. 36 Our data suggest that in the context of cancer, inhibition of IDO1 potentiates the inflammation associated with the tumor or that induced by chemoradiation. This explanation, however, is unlikely to account for our results as in the mEERL tumor model inflammation does not play a significant role in the behavioral alterations associated with tumor growth and behavioral toxicity induced by cancer therapy. 21, 29 In addition, data collected in Ido1 −/− mice implanted with HPV-positive tumor cells show that despite accelerated tumor growth, deletion of IDO1 actually attenuated the late expression of inflammatory cytokines in the liver and brain. Because there was no difference in behavior between Ido1 −/− and WT mice, it could be speculated that IDO inhibitors have an intrinsic toxicity independent of their ability to block IDO activation. However, this should result in general signs of toxicity (eg, decreased body weight and reduced food consumption), which were not observed in our experiments.
In the search for an alternative explanation, it is important to note that IDO blockade using orally administered IDO inhibitors has neglected possible adverse effects due to noncompetitive inhibition of constitutive IDO in the gastrointestinal tract. The most abundant expression of IDO at the mRNA and protein levels is observed in the mouse epididymis, jejunum, and ileum, followed by the colon, prostate, and spleen. 37 In the gut, most of the IDO-positive cells are observed in the interstitial space of the mucosa and they resemble macrophages and dendritic cells. There is also abundant IDO-positive staining in Peyer's patches. These findings indicate that IDO-expressing immune cells probably play an important role in gut physiology and in maintenance of the integrity of the intestinal barrier. While these functions are relatively new areas of investigation, some studies suggest that intestinal IDO may alter the metabolites available to the gut microbiota [38] [39] [40] [41] and, in this way, affect behavior. 41 Although IDO inhibitors are claimed to have an excellent safety profile, a closer examination of adverse effects associated with their administration reveals that patients with cancer treated with the selective IDO1 inhibitor INCB024360 (epacadostat; Incyte) complain of fatigue, nausea, and abdominal pain. 42 The still undocumented occurrence of similar toxicities in IDOInh-treated mice would be sufficient to account for the impaired running wheel performance observed with prolonged administration of this compound.
It has been reported that tumoral IDO expression predicts poor outcomes in head and neck squamous cell carcinoma, as well as in other tumors, likely due to the association of IDO with regulatory T cells. 2, [43] [44] [45] [46] In this study, we observed IDO1 expression in human and murine tumor cells. Furthermore, IDO inhibition by 1-MT may improve the tumor response to chemoradiation and decrease the probability of tumor reoccurrence. However, such a favorable effect of IDO inhibition was not observed in IDO1 knockout mice and in mice treated with a selective inhibitor of IDO1. In both cases, there was a tendency for IDO1 inhibition to decrease response of the tumor to chemoradiation. The differences observed between 1-MT treatment and ido1 −/− mice could certainly be attributable to the differences in timing of the inhibition. While the knockout mice lacked IDO expression at the time of tumor engraftment, pharmacologic inhibition of IDO with 1-MT did not begin until 10 days after tumor cell injection. However, this does not explain the differences observed between 1-MT and IDOInh-treated mice. The contrasting effects of pharmacologic IDO1 inhibition were apparent despite the fact that our experiments were underpowered to test the efficacy of IDO1 inhibition on the tumor response to chemoradiation (which was not the focus of our study). One tentative explanation for the possible difference between 1-MT and more selective modes of blockade of IDO1 is the possibility that the tumor expresses IDO2 and TDO in addition to IDO1; these 2 enzymes take over when IDO1 is blocked thereby circumventing IDO1 blockade. The ability of HPV16 E7 to induce IDO1 has already been described 23 but there has been no systematic study of the possible concomitant expression of IDO2 and TDO in HPV-positive tumors. Another explanation for the adverse effects of selective IDO1 blockade on tumor response to chemoradiation is that IDO1 blockade also inhibits the cytotoxic activity of natural killer cells. This effect has been proposed to be responsible for accelerated tumor growth in another murine model of cancer. 47 In conclusion, the present results point to the inability of IDO1 inhibitors to prevent behavioral toxicities induced by chemoradiation even when IDO inhibition has the potential to favorably enhance cancer outcomes. The observation of behavioral impairment associated with administration of a specific IDO1 inhibitor points to the necessity of investing in Figure 6 . Administration of IDOInh tends to increase tumor recurrence and exacerbates wheel running deficits. (A) In this experiment, control mice and MEERL tumor + CRT mice were treated with IDOInh. Tumor-bearing mice treated with the IDOInh showed a tendency for poorer tumor control. (B) While tumor-bearing mice treated with CRT showed a dramatic reduction in wheel running, a main effect of IDOInh was also present such that it reduced wheel running in tumor-bearing and control mice. N = 6 to 11 mice/group. CRT indicates concurrent cisplatin and radiotherapy; IDO, indoleamine 2,3-dioxygenase; MEERL, mouse tonsil epithelial cells with E6, E7, h-RAS, and luciferase.
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further studies to clarify the source of this potential adverse effect and minimize it.
